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ABSTRACT 


Two  crops  of  Improved  Princess  Anne  pot  chrysanthemums 
were  cultured  under  greenhouse  conditions  during  the  fall  of  1968 
and  the  spring  of  1969,  respectively,  to  simultaneously  test  the 
effects  of  three  atmospheric  levels  of  carbon  dioxide,  two  temperature 
regimes,  and  four  substrate  nutrient  levels.  Crops  were  duplicated 
on  a  small  scale  in  a  growth  chamber  to  represent  five  of  the  six 
temperature-carbon  dioxide  combinations  of  the  greenhouse  experiments. 

Carbon  dioxide  enrichment  at  15  C  with  the  use  of  a 
high  substrate  nutrient  level  produced  "optimum"  pot  mums.  Maturity 
was  hastened  and  flower  size,  as  well  as  top  fresh  and  dry  weights, 
were  increased  when  additional  carbon  dioxide  was  added  to  the 
greenhouse  atmosphere  at  15  C.  The  treatment  combination  of  15  C 
and  2000  ppm  carbon  dioxide  under  spring  conditions  produced  compact 
pot  mums  with  favorable  quality  and  a  satisfactory  time  requirement 
for  maturity.  Under  fall  conditions,  maturity  was  hastened  at  the 
expense  of  compactness  with  this  treatment  combination. 

At  15  C,  there  were  trends  exhibited  toward  higher 
nutrient  content  in  indicator  leaves  with  moderate  carbon  dioxide 
supplementation.  However,  calcium  levels  in  indicator  tissue  were 
depressed  with  carbon  dioxide  enrichment.  Compared  with  the  tissue 
analysis  standards  established  for  chrysanthemums  by  Criley  and  Carlson, 
tissue  nitrogen  levels  appeared  subcritical  at  all  temperature-carbon 
dioxide-nutrition  combinations.  The  concentrations  of  phosphorus 
and  magnesium  in  the  control  substrate  nutrient  solution  were  too  low 


to  accumulate  adequate  amounts  of  these  elements  in  indicator  tissue. 
Tissue  potassium  levels  were  optimal  for  all  treatments.  High  sub¬ 
strate  potassium  depressed  magnesium  uptake  as  measured  in  indicator 
leaves.  Thus,  the  "optimal"  substrate  nutrient  level  could  have  been 
modified  for  increased  effectiveness.  Increasing  the  nitrogen,  phos¬ 
phorus,  calcium  and  magnesium  concentrations,  but  reducing  the 
potassium  concentration  should  encourage  accumulation  of  these  elements 
to  adequate  levels  in  indicator  leaf  tissue  under  carbon  dioxide  enrich¬ 


ment  . 
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I.  REVIEW  OF  LITERATURE 

A.  General  Remarks  Concerning  Carbon  Dioxide  Enrichment 

1 .  Carbon  dioxide  in  the  outside  atmosphere 

The  importance  of  carbon  dioxide  to  living  plants  was 
first  noted  by  van  Helmont  and  Norman  (Wittwer  and  Robb,  37).  Van 
Helmont  demonstrated  that  atmospheric  carbon  dioxide  is  the  primary 
nutrient  from  which  the  bulk  of  the  plant  originates.  Norman  supported 
this  statement  and  estimated  that  20,000  pounds  of  carbon  dioxide  are 
required  for  the  production  of  an  acre  of  corn,  yielding  approximately 
100  bushels,  as  well  as  suggesting  that  terrestrial  plants  must 
utilize  about  15  billion  tons  of  carbon  dioxide  annually  from  the 
earth's  atmosphere.  It  is  now  knox^m,  of  course,  that  green  plants 
assimilate  the  carbon  from  the  atmospheric  carbon  dioxide  during  the 
process  of  photosynthesis  and  combine  it  with  water  to  form  carbohydrates. 
These  in  turn  are  used  in  conjunction  with  other  compounds  to  produce 
cells  and  tissues  of  the  developing  plant.  Though  the  carbon  dioxide 
content  of  the  outside  atmosphere  generally  lies  between  200  and  400 
ppm,  this  range  may  vary  considerably  with  time  and  location  (15) .  It 
is  from  this  low  concentration  that  green  plants  derive  their  carbon 
for  growth  and  development  through  photosynthesis  (13) .  Chapman, 

Gleason  and  Loomis  (5)  proposed  that  the  carbon  dioxide  content  of  the 
air  among  actively  photosynthesizing  plants  could  become  reduced  to  the 
extent  of  limiting  photosynthesis  even  to  a  height  of  500  feet  above 


ground  level. 
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2 .  Carbon  dioxide  in  the  greenhouse  atmosphere 

Goldsberry  and  Holley  (15)  demonstrated  that  the  carbon 
dioxide  level  within  an  enclosed  greenhouse  atmosphere  may  fluctuate 
even  more  widely  than  that  of  the  outside  atmosphere.  During  the  month 
of  February  in  a  carnation  greenhouse  in  Colorado  the  greenhouse  daily 
mean  carbon  dioxide  level  was  always  lower  than  that  of  the  outside 
atmosphere.  Furthermore  the  daytime  greenhouse  carbon  dioxide  levels 
were  lowest  on  cold  days,  suggesting  that  carbon  dioxide  could  be  the 
limiting  factor  for  plant  growth  during  the  winter  months.  Further 
studies  in  a  rose  greenhouse,  involving  a  single  day’s  carbon  dioxide 
measurements,  showed  that  on  a  relatively  dark  day  with  no  ventilation, 
the  carbon  dioxide  content  of  the  greenhouse  was  so  low  between  1030 
and  1700  hours  that  plants  accumulated  almost  no  sugar.  Goldsberry  and 
Holley  also  found  that  during  warm  days,  daytime  ventilation  brings  the 
carbon  dioxide  level  of  a  greenhouse  up  to  nearly  that  of  the  outside 
air.  The  carbon  dioxide  level  decreased  rapidly  following  daybreak,  but 
when  ventilating  fans  came  on  at  800  hours,  the  carbon  dioxide  level  was 
brought  up  to  almost  that  of  the  outside  atmosphere.  Between  1500  and 
1600  hours,  the  carbon  dioxide  level  decreased  slightly  because  the  fans 
were  cut  off  at  this  time.  However,  during  the  night,  in  an  enclosed 
greenhouse  atmosphere  there  is  usually  an  accumulation  of  carbon  dioxide 
to  a  concentration  considerably  above  that  of  the  outside  atmosphere. 

This  night-time  accumulation  begins  when  light  becomes  limiting  for  plant 
growth,  and  is  a  function  of  the  amounts  evolved  from  organic  matter 
through  the  respiration  of  microorganisms,  from  the  respiration  of  the 
crop  plants,  and  the  degree  to  which  the  unused  carbon  dioxide  is 
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contained  within  the  greenhouse  atmosphere.  However,  much  more  than 
this  released  carbon  dioxide  x-zhich  has  built  up  in  the  greenhouse  during 
the  night,  is  utilized  during  the  daytime  hours,  thus  reducing  consider¬ 
ably  the  carbon  dioxide  concentration  inside  the  greenhouse  if  the  supply 
is  not  renewed.  Plant  growth  has  been  shox^n  to  be  materially  retarded 
at  a  carbon  dioxide  level  of  200  ppm.  A  level  of  100  ppm  carbon  dioxide 
has  been  designated  as  the  "compensation  point"  for  ambient  air  where 
photosynthesis  merely  balances  respiration  and  there  is  no  net  gain  of 
assimilates  (10).  Gabrielsen  (Moss,  31)  established  the  existence  of  a 
"threshold  value"  for  the  carbon  dioxide  concentration  in  leaves  below 
which  no  carbon  assimilation  ensues.  Photosynthesis  was  shoxm  to  occur 
only  xtfhen  a  certain  amount  of  carbon  dioxide  had  accumulated  in  the  green 
cells  (11) .  This  threshold  value  for  the  leaves  of  Sambucus  nigra  was 
about  0.0090  volume  percent  (90  ppm)  but  varied  considerably  for  different 
plants  of  other  species  and  other  genera.  Plants,  therefore,  exhibit 
differing  abilities  to  remove  carbon  dioxide  from  a  given  atmosphere. 

This  has  considerable  importance  in  the  production  of  plants  in  an  envir¬ 
onment  where  carbon  dioxide  may  be  limiting  photosynthesis  (31) ;  that 
is,  a  greenhouse.  Gabrielsen  concluded  that  only  about  two-thirds  of 
the  atmospheric  carbon  dioxide  was  available  for  photosynthesis  (11); 
that  is,  the  supply  of  carbon  dioxide  in  excess  of  the  threshold  value 
for  a  given  type  of  plant.  In  the  light  of  these  findings,  definite 
benefits  to  plant  growth  and  development  can  be  achieved  by  carbon 
dioxide  enrichment  of  the  greenhouse  atmosphere  with  levels  above  the 
normal  300  ppm  if  the  plants  are  able  to  use  the  additional  carbon 
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to  promote  carbohydrate  formation  (13) .  It  appears  that  supplementary 
carbon  dioxide  exhibits  the  most  utility  when  enrichment  is  possible 
during  the  daytime,  particularly  early  in  the  day,  when  conditions  of 
light  and  temperature  are  such  that  the  utilization  of  carbon  for  sugar 
synthesis  is  occurring  (13,  32). 

3 .  Carbon  dioxide  enrichment  and  other  factors 

Blackman  (2)  proposed  that  if  the  relative  speed  of  a 
given  process  is  directly  influenced  by  a  number  of  individual  factors, 
the  rate  of  this  process  is  conditioned  by  the  pace  of  the  slowest  factor. 
This  "principle  of  limiting  factors"  can  be  applied  to  the  process  of 
photosynthesis  where  any  one  of  five  factors  can  limit  its  progress. 

These  factors  are  the  amount  of  carbon  dioxide  available,  the  amount  of 
water  available,  the  intensity  of  available  radiant  energy,  the  amount 
of  chlorophyll  present,  and  the  temperature  of  the  chloroplast.  The 
temperature  and  carbon  dioxide  concentration  within  a  greenhouse  atmosphere 
tend  to  interact  to  govern  the  photosynthetic  rate  (37)  .  Greenhouse 
crops  cultured  under  carbon  dioxide  enrichment  can  be  grown  at  higher 
day  temperatures  without  plant  damage.  This  means  that  daytime  ventila¬ 
tion  to  reduce  excess  temperature  can  be  delayed  or  minimized,  thus 
conserving  carbon  dioxide-enriched  air  for  longer  periods  of  time,  ensur¬ 
ing  its  maximum  benefit  to  the  crop.  Warm  temperature  crops,  such  as 
roses  and  chrysanthemums,  thus  respond  more  favorably  to  carbon  dioxide 
enrichment  than  do  cool  temperature  crops,  such  as  carnations  and  snap¬ 
dragons,  when  grown  at  traditional  temperatures  (32).  The  concept  of 
limiting  factors  as  introduced  by  Blackman  can  be  applied  to  plant  growth 
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in  general  under  carbon  dioxide  enrichment  where  such  factors  as  mineral 
nutrition,  frequency  and  amount  of  watering,  varietal  response  of  plants 
to  carbon  dioxide  enrichment,  light  and  temperature  come  into  play.  More 
fertilization  may  be  necessary  under  carbon  dioxide  enrichment  than  under 
normal  conditions,  particularly  if  the  supply  of  elements  is  marginal  as 
the  carbon  dioxide  is  added  to  the  greenhouse  atmosphere  (24,  32).  Plants 
may  require  more  frequent  watering  with  larger  amounts  of  water  under 
carbon  dioxide  enrichment  than  under  normal  atmospheres  (24,  37). 

There  have  been  noted  distinct  varietal  differences  in 
response  within  a  given  kind  of  plant  (32).  For  example,  some  chrysanthe¬ 
mum  varieties  have  given  a  60  percent  increase  in  growth  following  carbon 
dioxide  enrichment  whereas  other  varieties  gave  essentially  no  increase 
in  growth  under  the  same  circumstances.  A  cataloguing  of  the  primary 
characteristics  of  the  varieties  highly  responsive  to  carbon  dioxide 
enrichment  might  prove  to  be  useful  information. 

Under  bright  light  conditions  during  the  winter  months, 
maximum  response  to  carbon  dioxide  enrichment  could  be  secured  by 
increasing  the  daytime  growing  temperatures  as  much  as  10  F  (5  C)  above 
normal  levels.  Lesser  temperature  increases  could  be  used  on  dull, 
cloudy  days.  Night  temperatures  should  probably  remain  the  same  under 
conditions  of  carbon  dioxide  enrichment  as  under  normal  levels.  Carbon 
dioxide  levels  between  1000  and  2000  ppm  within  the  greenhouse  atmosphere 
are  currently  in  use,  and  the  maximum  level  for  human  safety  has  been  set 
by  the  Bureau  of  Mines  (32)  at  5000  ppm.  It  has  been  suggested  that 
the  most  economical  levels  for  the  use  of  supplementary  carbon  dioxide 
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within  the  greenhouse  atmosphere  lie  between  1200  and  1500  ppm  Cl) • 

The  most  economical  level  for  each  greenhouse  grower  can  be  obtained  by 
comparing  the  higher  net  returns  resulting  from  more  rapid  maturity, 
greater  yield  of  produce,  and  quality  improvements  against  the  cost  of 
adding  each  increment  of  carbon  dioxide  (12) . 

The  introduction  of  carbon  dioxide  supplementation  in 
greenhouse  culture  has  been  appropriately  compared  with  the  advent  of 
commercial  fertilizers  of  100  years  ago  (24)  .  The  factors  of  nutrient 
supply,  watering,  varietal  responses  of  plants,  and  considerations  of 
light  and  temperature  require  re-evaluation  under  conditions  of  carbon 
dioxide  enrichment.  The  single  reactant  which  can  be  closely  controlled 
during  photosynthesis  is  carbon  dioxide  (37) ,  but  the  other  factors 
involved  in  photosynthesis  must  also  be  optimal  if  the  maximum  benefit 
of  carbon  dioxide  supplementation  is  to  be  realized  by  greenhouse  growers. 

B .  History  of  Carbon  Dioxide  Enrichment 

Brown  and  Escombe  (4)  postulated  that  the  photosynthetic 
power  of  a  leaf  could  be  increased  by  corresponding  increases  in  the 
proportion  of  carbon  dioxide  in  the  air  passing  over  the  leaf.  In  their 
experiments,  however,  increased  plant  growth  was  not  obtained  from  increas¬ 
ing  the  carbon  dioxide  content  of  the  air.  Instead,  reductions  in  foliar 
area  and  in  dry  weight  with  accompanying  deleterious  morphological  effects, 
such  as  a  marked  inward  curling  of  the  leaves  and  some  inhibition  of  the 
development  of  inflorescences  occurred.  In  the  light  of  these  results, 
they  concluded  that  "increased  photosynthesis  does  not  to  any  extent 
contribute  to  the  increase  of  dry  weight  of  plants",  and  that  "transformation 
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translocation,  and  general  metabolism  of  the  leaf  reserves  under  these 
conditions  cannot  keep  pace  with  the  increased  tendency  to  produce  an 
extra  amount  of  plastic  material  from  the  atmosphere".  "A  compara¬ 
tively  sudden  increase  of  carbon  dioxide  in  the  air  to  an  extent  of  but 
two  or  three  times  the  present  amount  would  result  in  a  speedy  destruc¬ 
tion  of  all  our  flowering  plants". 

Demoussey  (Wittwer  and  Robb,  37)  attributed  these 
startling  negative  results  to  impurities  in  the  carbon  dioxide  used 
in  the  experiments.  In  his  experiments  with  belljars  and  specially 
constructed  greenhouses  -  one  enriched  to  1500  ppm  -  there  was  a  range 
of  increased  plant  weight  with  carbon  dioxide  enrichment  from  97 
percent  for  fuchsias  to  262  percent  for  geraniums.  Cummings  and  Jones 
as  noted  by  Wittwer  and  Robb,  obtained  favorable  yield  increases  in 
many  crops  with  carbon  dioxide  enrichment.  Specifically,  yields  of 
pods  and  seeds  were  increased  in  legumes  such  as  peas  and  beans,  more 
leaves  and  tubers  were  produced  in  potatoes,  larger  and  heavier  leaves 
were  noted  in  foliage  crops,  and  flower  crops  blossomed  earlier  and 
more  abundantly.  In  short,  carbon  dioxide  enrichment  was  responsible 
for  greater  yield  and  better  quality  of  seeds,  fruits,  foliage,  under¬ 
ground  plant  portions,  and  flowers.  Small  and  White  (33),  using  a 
well-insulated  portable  stove  burning  patent  fuel  for  supplying  supple¬ 
mentary  carbon  dioxide,  obtained  a  yield  increase  of  16  percent  in 
tomato  plants  treated  throughout  the  season.  Where  plants  were  treated 
for  the  first  half  of  the  season  only,  a  yield  increase  of  9  percent 


was  obtained. 
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White  (36)  found  that  carbon  dioxide-enriched  atmospheres  for  tomatoes 
shortened  the  maturation  period  (the  period  between  the  opening  of  the 
blossom  and  the  ripening  or  picking  of  the  fruit) ,  increased  the  propor¬ 
tion  of  blossoms  which  developed  into  fruit,  decreased  the  amount  of 
fruit  retarded  in  ripening,  effected  better  development  of  the  sixth 
truss  (normally  the  most  poorly  developed  in  the  tomato  plant) ,  and 
was  responsible  for  earlier  and  larger  fruit  development  at  the  end  of 
the  season.  In  work  performed  by  Bolas  and  Henderson  (3),  increases  in 
plant  growth  were  observed  under  carbon  dioxide  supplemented  atmospheres, 
but  several  obstacles  hindered  the  practical  application  of  these  experi¬ 
ments.  Controlled  experiments  at  that  time  were  difficult  to  conduct, 
for  refinements  were  needed  in  the  methods  of  keeping  the  carbon  dioxide 
level  constant  in  the  experimental  greenhouses  and  measuring  the  carbon 
dioxide  level  within  the  greenhouse  atmosphere.  Concentrated  and  pure 
sources  of  carbon  dioxide  and  uniform  conditions  of  light,  temperature, 
and  humidity  were  also  deemed  essential  to  satisfactory  progress  of  future 
work . 

C .  Recent  Experiments  with  Carbon  Dioxide  Enrichment 

1 .  Vegetable  crops 

Dullforce  (9)  conducted  experiments  by  using  a  three¬ 
fold  increase  in  the  carbon  dioxide  concentration  and  noting  its  effect 
on  the  growth  and  development  of  lettuce.  He  observed  the  difference  in 
growth  in  the  early  stages  was  much  more  marked  than  that  later  on 
when  relative  differences  in  weight  of  lettuce  decreased  between  carbon 
dioxide-enriched  and  control  atmospheres.  It  was  suggested  that  the 
effect  of  supplementary  carbon  dioxide  was  less  striking  when  the 
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lettuce  plants  became  covered  with  leaves  because  rates  of  diffusion 
of  the  carbon  dioxide-enriched  air  to  the  plants  were  reduced  and  the 
stomata  were  closed  due  to  the  shade  induced  by  the  additional  leaves. 
Dullforce  also  concluded  that,  if  the  practice  of  carbon  dioxide  enrich¬ 
ment  was  to  be  most  effective  in  commercial  plantings,  the  resulting 
increased  growth  rates  should  include  some  special  quality  feature  for 
the  crop.  Gardner  (12),  found  that  the  combination  of  warm  day  tempera¬ 
tures  and  carbon  dioxide  enrichment  was  responsible  for  early  maturity 
of  lettuce  and  the  formation  of  better-hearted,  plumper  heads;  but  that 
high  day  temperatures  in  the  absence  of  supplementary  carbon  dioxide 
delayed  the  maturity  of  lettuce  to  marketability  from  four  to  seven 
days  as  well  as  producing  an  inferior  product.  Daunicht  (8),  in  his 
experiments  with  cucumbers  in  growth  cabinets,  noted  50  percent  defolia¬ 
tion  of  the  main  stem  in  plants  grown  under  carbon  dioxide  enrichment 
to  2000  and  3000  ppm.  However,  high  levels  of  carbon  dioxide  were 
probably  not  the  only  responsible  factors.  Calcium  deficiency  was 
thought  to  be  involved  as  well,  although  calcium  topdressing  acted  too 
late  for  salvaging  these  plants.  This  finding  serves  to  illustrate  that 
nutritional  disturbances  are  likely  to  be  more  frequent  at  high  levels 
of  carbon  dioxide  enrichment.  The  ten  day-old  cucumber  seedlings  that 
had  been  carbon  dioxide-enriched  from  the  time  of  sowing  exhibited 
increasing  dry  weights  up  to  levels  of  3000  ppm  carbon  dioxide,  with 
the  greatest  increase  occurring  between  1000  and  2000  ppm.  Wittwer 
and  Robb  (37)  conducted  carbon  dioxide  enrichment  investigations  with 
tomato,  lettuce,  and  cucumber  crops  grown  during  the  winter  of  1961, 
late  fall  of  1962,  and  the  winter  of  1963.  In  all  plantings,  carbon 
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dioxide  enrichment  resulted  in  increased  weight  of  heads  of  lettuce 
for  the  varieties  used.  The  maximum  response  of  lettuce  to  carbon 
dioxide  enrichment  -  an  increase  in  yield  of  approximately  70  percent  - 
was  obtained  in  the  1963  winter  lettuce  crop.  Comparatively  lesser 
responses  in  the  weight  of  lettuce  heads  were  noted  in  the  previous 
crops  where  the  carbon  dioxide  level  was  either  kept  much  lower  or  the 
ventilation  mechanism  frequently  reduced  the  concentration  of  the  en¬ 
riched  greenhouse  during  the  daylight  hours.  In  tomatoes,  a  mean 
increase  of  43  percent  in  the  yield  of  marketable  fruit,  ranging  from 
29  percent  in  cultivar  "Tuckcross  0"  to  71  percent  in  cultivar 
"WR-7  Globe",  was  obtained,  suggesting  a  substantial  varietal  differ¬ 
ence  in  response  to  carbon  dioxide  enrichment.  Quality  features  in 
tomatoes  were  also  enhanced  by  carbon  dioxide  enrichment.  Improvements 
were  noticeable  in  weight,  color,  flavor,  and  percentage  of  U.S.  No.  1 
fruit  which  persisted  as  the  season  progressed.  In  cucumbers,  during 
the  first  60  days  of  growth,  the  number  of  pistillate  flowers  was 
approximately  doubled  for  both  Burpee  Hybrid  and  Butcher's  Disease 
Resister  varieties  with  no  reduction  in  the  production  of  staminate 
flowers . 

2 .  Floricultural  crops 

Goldsberry  (16)  subjected  carnations  cv.  Red  Gayety 
to  three  principal  daytime  carbon  dioxide  regimes:  200,  350,  and  550 
ppm.  Increases  in  fresh  and  dry  weights  of  carnation  plants  were 
obtained  as  the  carbon  dioxide  concentration  was  elevated  from  200  to 
550  ppm.  Plants  under  the  200  ppm  carbon  dioxide  level  consistently 
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produced  fewer  flowers  than  did  plants  under  the  higher  carbon  dioxide 
levels.  Furthermore  the  higher  levels  of  carbon  dioxide  induced  earliness 
in  carnations  by  causing  the  plants  to  develop  more  lateral  breaks  earlier, 
thereby  shortening  the  time  interval  between  first  and  second  crops.  As 
a  result,  the  plants  in  the  200  ppm  level  were  approximately  two  weeks 
behind  the  plants  grown  under  the  350  and  550  ppm  concentrations  in 
both  the  first  and  return  crops.  Stem  length  in  carnation  plants  was 
slightly  reduced  under  regimes  of  carbon  dioxide  enrichment.  McHeag  (30) 
investigated  the  possible  additional  benefits  from  using  higher  levels 
of  carbon  dioxide  than  were  used  by  Goldsberry;  that  is,  300,  600,  and 
1200  ppm.  It  was  found  that  carbon  dioxide  enrichment  to  1200  ppm  did 
not  significantly  increase  yield  over  that  of  600  ppm.  McHeag  stated 
that  the  yield  of  carnation  flowers  is  directly  proportional  to  the 
number  of  lateral  breaks  that  return  from  a  cut  flower  stem;  and  that 
the  increment  of  increase  of  carbon  dioxide  enrichment  from  300  to  600 
ppm  seemed  to  best  promote  lateral  break  production  and  corresponding 
yield.  A  positive  linear  relationship  was  observed  between  the  mean 
grade  of  carnation  flowers  and  increasing  levels  of  carbon  dioxide. 

It  was  also  noted  that  the  average  weights  of  flowers  and  stems  and 
the  average  number  of  leaf  pairs  tended  to  increase  with  carbon  dioxide 
enrichment  to  the  upper  limit  of  1200  ppm.  Holley  (19)  continued 
McHeag f s  work  and  re-established  the  fact  that  the  optimum  effect  of 
additional  carbon  dioxide  on  carnations  was  obtained  by  using  an  average 
concentration  of  600  ppm  in  the  greenhouse  atmosphere.  In  carnations, 
short  and  design  grade  flowers  indicate  poor  quality  while  standard 
and  fancy-grade  flowers  reflect  better  quality.  In  the  young  plants, 
the  number  of  short  grade  flowers  decreased  while  the  number  of  fancy-grade 
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flowers  increased  as  the  carbon  dioxide  level  was  elevated.  In  the 
second-year  plants,  the  number  of  short  and  design-grade  flowers 
decreased  while  the  numbers  of  flowers  in  the  standard  and  fancy  grades 
increased  with  increases  in  the  carbon  dioxide  level.  It  was  found 
that  carbon  dioxide  in  the  order  of  1200  ppm  improved  the  grade  of 
carnation  flowers  from  both  the  young  and  two-year-old  plants  much 
more  than  carbon  dioxide  at  600  ppm.  Koths  and  Adzima  (22)  investigated 
carnation  quality  as  affected  by  atmospheres  enriched  to  600,  900,  and 
1500  ppm  carbon  dioxide  for  three  seasons.  Littlefield  and  Sim  varie¬ 
ties  of  carnations  were  grown.  The  stem  weight  was  greater  and  the 
angle  of  stem  deviation  from  the  upright  was  smaller,  indicating  super¬ 
ior  quality,  under  all  carbon  dioxide-enriched  regimes  than  that  found 
in  control  environments. 

Goldsberry  (17)  investigated  the  effects  on  the  growth 
and  development  of  poinsettias  of  three  average  levels  of  carbon  dioxide  - 
317,  492,  and  831  ppm  -  maintained  during  the  daylight  hours.  Twenty 
days  after  planting,  plants  in  the  highest  carbon  dioxide  level  displayed 
good  bract  coloration  while  progressively  less  bract  color  was  present 
under  the  medium  and  low  levels  of  carbon  dioxide  enrichment.  More 
nectar  cups  opened  at  an  earlier  stage  at  the  highest  carbon  dioxide 
level  than  at  either  of  the  two  lower  levels.  Bract  diameter  increased 
with  the  initial  increase  in  carbon  dioxide  from  317  to  492  ppm;  but  no 
further  increase  in  bract  diameter  was  observed  with  the  subsequent 
increase  in  the  carbon  dioxide  level  from  492  to  831  ppm.  After  the 
first  twenty  days  of  growth,  the  poinsettia  foliage  under  the  highest 
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carbon  dioxide  level  gradually  developed  a  light  green  color  between 
the  veins  whereas  plants  in  the  medium  and  check  treatments  appeared 
normal.  Nine  days  later,  foliage  of  the  plants  in  the  high  carbon 
dioxide  treatment  displayed  critical  chlorosis,  while  plants  in  the 
medium  level  showed  intervenal  yellowing,  and  the  check  treatment  foliage 
remained  normal.  Further  chlorosis  development  was  stopped  at  this  time 
by  the  addition  of  a  small  amount  of  low-analysis  fertilizer  to  the 
plants  in  the  carbon  dioxide-enriched  atmospheres,  indicating  that  the 
nutrient  requirements  of  plants  may  increase  when  grown  under  conditions 
of  carbon  dioxide  supplementation  -  a  conclusion  similar  to  that  which 
emerges  from  Daunicht’s  work  with  cucumbers.  The  height  of  the  poin- 
settias  at  saleable  maturity  tended  to  decrease  with  corresponding 
increases  in  the  carbon  dioxide  concentration  -  a  similar  result  to 
the  decreased  stem  length  of  carnations  under  carbon  dioxide  enrichment 
as  reported  by  Goldsberry. 

Lindstrom  (25)  has  investigated  the  effects  of  additional 
carbon  dioxide  in  the  greenhouse  atmosphere  on  the  growth  of  Rosa  hybrida 
cv .  Better  Times.  He  demonstrated  that  an  enclosed  greenhouse  atmosphere 
enriched  to  a  range  of  1200  -  2000  ppm  carbon  dioxide  produced  more  roses 
than  did  control  atmospheres  of  120  -  375  ppm  carbon  dioxide;  that  is, 
treated  plants  produced  an  average  of  eight  roses  per  plant  over  a  three- 
month  period  against  an  average  of  five  roses  per  plant  for  the  same  time 
period  for  untreated  plants.  Plants  grown  under  carbon  dioxide  enrich¬ 
ment  were  larger  and  more  vigorous  with  a  greater  percentage  of  long¬ 
stemmed  flowers.  Mastalerz  (27)  also  worked  with  Rosa  hybrida  cv .  Better 


Times,  performing  experiments  with  carbon  dioxide  enrichment  only  and 
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carbon  dioxide  enrichment  in  combination  with  different  temperature 
regimes.  In  his  first  experiment  where  he  grew  his  plants  at  70  F 
(20  C)  during  the  day  with  carbon  dioxide  supplementation  up  to  600  ppm, 
he  demonstrated  that  26  percent  more  roses  were  produced  under  carbon 
dioxide  enrichment  than  were  produced  under  check  atmospheres.  In  his 
second  experiment,  Mastalerz  found  that  more  roses  were  produced  at 
90  F  (32  C)  day  temperatures  than  were  produced  at  70  F  (20  C)  day 
temperatures.  More  roses  were  produced  with  carbon  dioxide  enrichment 
than  without  supplementary  carbon  dioxide  at  both  temperatures.  How¬ 
ever,  the  increase  in  yield  of  roses  at  90  F  (32  C)  day  temperatures 
with  1500  -  1800  ppm  carbon  dioxide  did  not  compensate  for  the  decrease 
in  quality  that  resulted  from  the  high  day  temperatures.  The  best 
quality  roses  were  produced  at  70  F  (20  C)  with  supplementary  carbon 
dioxide.  Thus,  carbon  dioxide  enrichment  does  not  compensate  for 
quality  decline  incurred  by  high  temperatures.  It  is  advisable  not  to 
increase  the  temperature  above  the  point  most  satisfactory  for  the  crop 
even  with  carbon  dioxide  enrichment.  Mattson  and  Widmer  (28)  studied 
the  effects  of  solar  radiation,  supplementary  carbon  dioxide  to  average 
levels  of  1000  and  2000  ppm,  and  soil  fertilization  on  the  cut  flower 
yield  of  four  cultivars  of  Rosa  hybrida.  In  this  experiment,  it  was 
concluded  that  the  cut  flower  yield  was  primarily  influenced  by  solar 
radiation  and  much  less  so  by  supplementary  carbon  dioxide  and  soil 
fertilization.  It  was  found  that  roses  grown  under  carbon  dioxide 
enrichment  did  not  require  additional  soil  fertilization.  Mattson  and 
Widmer  (29)  also  studied  the  year-round  effects  of  carbon  dioxide 
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enrichment  on  greenhouse  rose  production.  It  was  found  that  numbers  of 
flowering  stems  and  lateral  buds,  fresh  weight,  and  stem  length  were 
greater  under  carbon  dioxide-supplemented  atmospheres  for  hybrid  tea  and 
floribunda  roses  than  under  control  atmospheres.  Less  root  development 
was  noted  under  the  2000  ppm  carbon  dioxide  regime  than  under  either  the 
300  or  1000  ppm  atmospheres. 

Lindstrom  (26)  recently  investigated  the  effects  of 
carbon  dioxide  enrichment  at  levels  of  1500  and  4000  ppm  respectively 
on  four  cultivars  of  Chrysanthemum  morif olium .  There  was  a  marked 
improvement  in  the  development  of  all  cultivars  under  carbon  dioxide 
enrichment;  and  enriched  plants  were  significantly  taller  than  control 
plants.  Most  of  the  benefits  from  additional  carbon  dioxide  occurred 
when  the  carbon  dioxide  level  reached  1500  ppm  except  for  the  cultivar 
Indianapolis  White  No.  4  in  which  the  dry  weight  was  significantly 
increased  with  each  elevation  in  the  carbon  dioxide  level  to  4000  ppm. 
Generally,  the  gross  measurements  of  dry  weight  per  centimeter  of  stem 
and  flower  diameter  showed  increases  with  each  corresponding  elevation 
in  the  carbon  dioxide  level.  Gardner  (12,  14)  reported  that  the  response 
of  chrysanthemums  to  supplementary  levels  of  carbon  dioxide  varied  with 
variety,  but  that  fuller,  more  deeply  colored  blossoms  on  stronger 
stems  with  larger  leaves  were  noticed  under  regimes  of  carbon  dioxide 
supplementation.  Gardner  (14)  also  reported  that  in  the  growth  of 
single-stemmed  plants,  any  gain  in  yield  must  take  the  form  of  large, 
top-quality  blooms. 

Research  work  with  vegetable  and  flower  crops  has 
established  that  carbon  dioxide  enrichment  of  greenhouse  atmospheres 
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may  give  rise  to  increases  in  yield  and  quality  of  plants  as  well  as 
better  growth  and  development.  There  is  a  current  need  to  study  the 
relationships  of  temperature  and  mineral  nutrition  to  carbon  dioxide 
enrichment  and,  specifically,  to  determine  the  carbon  dioxide-temperature- 
nutrition  combination  that  is  optimum  for  the  growth  and  development  of 
greenhouse  crops,  both  in  terms  of  gross  physical  measurements  and 
adequate  mineral  nutrient  accumulations  in  indicator  leaves  of  these 
crops.  The  present  study  attempts  to  provide  some  information  on  the 
combined  benefits  of  these  factors  on  greenhouse  pot  chrysanthemums. 
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II.  MATERIALS  AND  METHODS 
A.  Greenhouse  Experiments 

Experiments  were  conducted  in  greenhouses  on  the  campus 
of  the  University  of  Alberta,  Edmonton,  Alberta.  Cultural  methods  for 
commercial  production  of  chrysanthemums  as  outlined  by  Laurie, 

Kiplinger,  and  Nelson  (23)  were  followed  in  general. 

Rooted  cuttings  of  Chrysanthemum  morifolium  cv. 

Improved  Princess  Anne,  were  planted  in  six-inch  plastic  pots  containing 
horticultural  grade  perlite  moistened  with  distilled  water.  Six  green¬ 
house  compartments  were  used  to  simultaneously  test  the  effects  of 
three  greenhouse  atmospheric  levels  of  carbon  dioxide,  two  temperature 
regimes  and  four  mineral  nutrient  levels.  Six  rooted  cuttings  were 
planted  per  plastic  pot  and  the  plants  cultured  single-stem  to  maturity. 
Two  crops  of  plants  were  grown  -  one  in  the  fall  (August  25  to  November, 
1968)  and  one  in  the  spring  (April  22  to  June  1969)  .  The  experiments 
were  arranged  in  a  split  plot  design  with  six  pots  per  mineral  nutrient 
treatment  and  these  nutrition  treatments  completely  randomized  within 
each  compartment  (temperature-carbon  dioxide  regime) .  Therefore,  the 
experiments  consisted  of  twenty-four  temperature-carbon  dioxide-nutrition 
treatments  of  thirty-six  plants  each  (six  plants  per  pot  and  six  pots 
per  treatment) . 

Short  days  of  ten-hour  duration  were  begun  immediately 
after  planting  for  each  crop,  and  were  discontinued,  allowing  natural 
daylength,  at  the  time  of  color  development  in  the  flower  buds.  The 
duration  of  short  days  was  maintained  by  covering  the  plants  with 
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black  sateen  cloth  at  1700  hours  and  removing  it  at  700  hours  each  day, 

The  two  temperature  regimes  were: 

1.  Night  -  15  C  (60  F) 

Day  -  20  -  24  C  (70  -  75  F) 

2.  Night  -  20  C  (70  F) 

Day  -  26  -  29  C  (80  -  85  F) 


On  certain  bright  days  the  day  temperatures  rose  above 


29  C. 


The  carbon  dioxide  was  metered  from  600  to  1700  hours 
daily  from  a  bottled  source  operated  on  a  time  clock  and  distributed  to 
each  enriched  compartment  by  polyethylene  tubing.  The  flow  rate  was 
regulated  by  means  of  a  gauge  on  the  metering  device  and  by  screw  clamps 
on  the  polyethylene  tubing.  The  two  carbon  dioxide  levels  in  the  com¬ 
partment  with  enriched  atmospheres  were  maintained  at  approximately  1000 
and  2000  ppm  respectively.  Precise  control  was  not  possible.  Levels  of 
carbon  dioxide  were  monitored  periodically  by  the  use  of  Kitagawa 
detection  apparatus. 

The  mineral  nutrition  treatments  consisted  of  four 
dilutions  of  a  triple-strength  modified  Hoagland-Arnon  nutrient  solution 
applied  to  the  plants  once  weekly  from  planting  to  maturity.  The  con¬ 
centrations  of  the  five  major  elements  in  treatment  solution  "A"  (control) 
x^ere  comparable  to  those  of  the  standard  solution  with  the  following 
modifications:  a  doubling  of  the  phosphorus  level  and  a  slight  increase 
in  the  potassium  level.  Minor  elements  were  kept  constant  in  each 
treatment  solution  as  per  the  recommendations  of  Hoagland  and  Arnon  (18) . 
The  pH  of  the  nutrient  solutions  ranged  from  6.0  to  5.6,  for  treatments 
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"A"  and  "D"  respectively.  Eight  hundred  millilitres  of  nutrient  solution 
was  applied  to  the  surface  of  the  medium  at  each  weekly  "feeding"  and 
allowed  to  drain  through  the  medium  into  plastic  drainage  pans  underneath 
each  pot.  Before  each  application,  the  pans  were  emptied  and  rinsed 
thoroughly  with  tap  water  to  prevent  any  nutrient  buildup  or  "crusting". 
All  potted  plants  were  given  a  sufficient  amount  of  water  between 
"feedings"  to  maintain  the  solution  volume  in  each  pan. 

1 .  Measurements  of  plant  growth 

Gross  physical  measurements  including  diameter  of  the 
terminal  inflorescence,  the  height  of  the  plant,  the  date  of  full 
bloom,  and  the  node  number  were  recorded  for  each  crop  at  the  stage 
of  "full  bloom".  Plants  were  considered  as  being  in  full  bloom  when 
five  rows  of  ray  florets  \vrere  fully  open  in  the  terminal  inflorescence. 
The  date  of  full  bloom  was  converted  to  days  to  full  bloom  from  the 
planting  date  for  each  crop.  All  these  data  were  subjected  to  analysis 
of  variance  and  Duncan's  multiple  range  test  (34). 

2 .  Fresh  and  dry  weight  determinations 

For  the  spring  crop  records  were  kept  of  the  fresh  and 
dry  weights  of  the  aerial  portion  (leaves,  stems,  and  inflorescences) 
and  the  roots  at  time  of  full  bloom.  The  six  plants  of  each  pot  were 
bulked  together  for  weighing.  The  roots  were  washed  free  of  perlite 
by  a  gentle  stream  of  tap  water  and  allowed  to  air-dry  before  being 
bulked.  After  weighing,  each  bulked  sample  was  oven-dried  at  70  C 
for  24  hours  and  reweighed.  These  data  were  subjected  to  analysis  of 
variance  and  Duncan’s  multiple  range  test. 
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3 .  Leaf  sampling 

Leaf  samples  (including  petiole  and  lamina)  were 
collected  for  their  subsequent  analysis  of  mineral  content  at  two  stages 
during  the  growth  of  both  fall  and  spring  greenhouse  crops.  The  first 
sampling  was  performed  thirty  days  after  planting,  and  included  the 
topmost  pair  of  fully-expanded  leaves  on  each  plant  (21) ,  The  second 
sampling  was  done  at  the  "full  bloom"  stage  before  the  gross  physical 
measurements  were  recorded  and  before  the  plants  from  the  spring  crop 
were  sacrificed  for  the  determinations  of  fresh  and  dry  weights.  For 
this  sampling,  the  first  pair  of  fully-expanded  leaves  below  the 
fully-open  terminal  inflorescence  was  removed.  After  each  sampling, 
the  leaves  from  all  thirty-six  plants  of  each  temperature-carbon 
dioxide-nutrition  treatment  were  bulked  to  ensure  sufficient  tissue 
for  analysis  of  mineral  content.  Each  bulked  quantity  of  leaf 
samples  was  cleaned  by  gentle  brushing  (35) ,  oven  dried  for  24  hours 
at  70  C,  and  stored  in  air-tight  plastic  containers  until  analyzed 
for  mineral  content. 

4 .  Analysis  of  mineral  content 

Each  oven-dried  sample  was  ground  in  a  Wiley  mill  to 
pass  a  60-mesh  screen  and  mixed  thoroughly.  Two  weighed  quantities 
of  each  ground  sample  were  ashed  in  a  muffle  furnace  and  duplicate 
sample  extracts  prepared  according  to  the  procedure  outlined  by  Ward 
and  Johnston  (35) .  Each  extract  was  analyzed  for  calcium,  potassium,’ 
and  magnesium  on  a  Perkin-Elmer  Model  303  atomic  absorption  spectro¬ 
photometer.  For  each  set  of  sample  extracts  analyzed,  standard  curves 
for  each  element,  using  1,  2,  4,  8,  and  10  ppm  for  calcium  and  potassium 
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and  0.25,  0.50,  1.0,  2.0,  and  2.5  ppm  for  magnesium  were  prepared. 

The  solutions  used  to  obtain  the  standard  curves  for  each  element  were 
prepared  from  certified  atomic  absorption  reference  standard  solutions. 
The  plant  tissue  extracts  were  diluted  with  known  volumes  of  distilled 
water  such  that  the  concentration  range  of  the  elements  in  the  diluted 
extracts  fell  within  the  concentration  range  for  each  element  as 
represented  by  the  standard  curves.  From  the  results  obtained  the 
percentages  of  calcium,  potassium,  and  magnesium  on  a  dry  weight  basis 
were  calculated.  The  final  result  for  each  element  was  obtained  as  a 
mean  of  each  duplicate  determination.  Duplicate  phosphorus  determina¬ 
tions  were  performed  as  per  the  Method  No.  2  of  Ward  and  Johnston,  and 
the  results  were  expressed  as  percentage  of  dry  weight  also.  Single 
total  nitrogen  determinations  were  made  on  the  original  ground  material 
by  the  Alberta  Soil  and  Feed  Testing  Laboratory,  Edmonton,  Alberta. 

B .  Growth  Chamber  Experiments 

Five  crops  of  pot  chrysanthemums,  representing  five 
temperature-carbon  dioxide  combinations,  were  grown  consecutively  in 
the  same  growth  chamber  from  June,  1968  to  March,  1970.  For  each  crop, 
the  same  cultural  procedures  were  followed  as  outlined  for  the  greenhouse 
experiments.  There  were  three  pots  per  nutrition  treatment  and  four 
treatments  per  growth  chamber  crop  or  temperature-carbon  dioxide  com¬ 
bination.  Short  days  of  ten-hour  duration  were  begun  immediately  after 
planting  for  each  crop,  and  extended  to  a  twelve-hour  day  when  color 
development  was  noted  in  the  flower  buds.  The  duration  of  short  days 
inside  the  growth  chamber  was  maintained  for  each  crop  by  a  time-clock 
set  to  come  on  at  700  hours  and  shut  off  at  1700  hours  each  day.  The 
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light  intensity  for  each  crop  was  maintained  at  2000  foot-candles  at 
the  upper  plant  level  throughout  the  growth  period  by  manipulation  of 
the  light  apparatus  in  the  chamber.  Temperatures  were  set  at  15  C 
(60  F)  night,  20  C  (70  F)  day  and  20  C  (70  F)  night,  26  C  (80  F)  day 
for  the  two  temperature  treatments,  respectively.  Carbon  dioxide  was 
metered  into  the  chamber  from  600  to  1700  hours  daily  using  the  same 
procedures  employed  for  the  greenhouse  experiments.  The  carbon  dioxide 
levels  in  the  enriched  atmospheres  were  maintained  at  1000  and  2000  ppm, 
respectively,  and  more  precise  control  was  possible  than  was  the  case 
in  the  greenhouse  compartments.  Levels  of  carbon  dioxide  were  monitored 
periodically  by  the  use  of  the  Kitagawa  detection  apparatus.  The  four 
levels  of  mineral  nutrition  supplied  and  the  method  of  application  were 
the  same  as  those  reported  for  the  greenhouse  experiments.  Data  were 
obtained  and  recorded  in  the  same  manner  outlined  earlier. 
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III.  RESULTS 

A.  Gross  Physical  Measurements 

1 .  Flower  diameter  and  days  to  full  bloom 

Flower  diameter  and  days  to  full  bloom  for  both  the 
fall  and  spring  greenhouse  crops  were  significantly  (P  =  0.01) 
affected  by  temperature  (Tables  I  and  II) .  Plants  grown  at  15  C 
night,  20  -  24  C  day  exhibited  a  significantly  larger  average  flower 
diameter  and  required  a  significantly  longer  period  of  time  to  come 
into  full  bloom  than  those  grown  at  20  C  night,  26  -  29  C  day. 

Analysis  of  variance  verified  that  flower  diameter  and  days  required 
for  maturity  of  the  spring  crop  were  significantly  (P  =  0.05)  affected 
by  supplementary  carbon  dioxide.  In  this  crop,  the  highest  average 
flower  diameter  was  obtained  at  300  ppm  carbon  dioxide  and  flower 
diameter  decreased  significantly  with  each  corresponding  increment 
in  carbon  dioxide.  Similarly,  a  significant  decrease  in  the  number 
of  days  required  for  full  bloom  occurred  as  the  carbon  dioxide  level 
was  increased  beyond  300  ppm.  Although  no  significant  F  value  was 
obtained,  there  were  significant  mean  differences  indicated  for  flower 
diameter  in  the  growth  chamber  crop  as  the  carbon  dioxide  level  was 
increased  beyond  300  ppm.  Data  for  days  required  for  maturity  of  the 
growth  chamber  crop  are  not  shown  as  results  were  highly  variable. 
Statistical  analysis  of  the  fall  crop  data  indicated  that  neither  flower 
diameter  nor  days  to  full  bloom  were  significantly  affected  by  supple¬ 
mentary  carbon  dioxide.  However,  the  flower  diameter  tended  to  increase 
with  increasing  levels  of  carbon  dioxide  (a  trend  different  from  that  in 


Table  I.  Effect  of  temperature  and  supplementary  carbon  dioxide  on  flower  diameter  of  pot  mums  grown 
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Table  II.  Effect  of  temperature  and  supplementary  carbon  dioxide  on 


days  to  full  bloom  of  pot  mums  grown  under  fall  and  spring 
conditions 


Carbon 

dioxide 

level 

(ppm) 

Average  days 

to  full  bloom 

Fall 

Spring 

15  C 

20  C 

Ave . 

15  C 

20  C 

Ave . 

300 

*75. 15c 

66 . 84a 

71.00 

*77. 76c 

71.60c 

74.68b 

1000 

72.71b 

68.10a 

70.41 

73.06c 

69.07b 

71.07a 

2000 

66 . 68a 

73 .80bc 

70.24 

65.77a 

74 . 79d 

70.28a 

Ave . 

71.52 

69.58 

72.23 

71.82 

*Means  not  followed  by  the  same  letter  are  significantly  different 
(P  =  0.05)  according  to  Duncan’s  multiple  range  test.  Means  are 
compared  within  individual  columns  only  for  averages  betwreen  the  two 
temperature  regimes  (effect  of  carbon  dioxide)  and  among  all  means 
for  each  set  of  temperature-carbon  dioxide  combinations. 
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the  spring  and  growth  chamber  crops) ,  but  the  days  required  for  matur¬ 
ity  followed  the  same  pattern  as  that  of  the  spring  crop. 

Analysis  of  variance  showed  that  flower  diameter  and 
days  to  full  bloom  for  both  the  fall  and  spring  crops  were  significantly 
(P  =  0.01)  affected  by  the  temperature-carbon  dioxide  interaction. 
Neither  of  these  growth  characteristics  were  significantly  affected  by 
this  interaction  in  the  growth  chamber  crop.  Data  for  days  required 
for  maturity  of  the  growth  chamber  crop  is  not  shox-m  because  it  was 
highly  erratic.  In  the  fall  crop,  the  flower  diameter  was  significantly 
increased  with  each  increase  in  the  carbon  dioxide  level  at  15  C,  but 
not  so  for  the  spring  crop  and  only  so  with  levels  of  carbon  dioxide 
beyond  300  ppm  for  the  growth  chamber  crop.  At  20  C,  flower  diameter 
was  decreased  with  increases  in  carbon  dioxide  for  both  greenhouse  crops 
and  from  300  to  1000  ppm  for  the  growth  chamber  crop.  In  both  green¬ 
house  crops  under  the  15  C  temperature  regime,  there  was  a  consistently 
significant  decrease  in  the  period  of  time  required  for  full  bloom  as 
the  carbon  dioxide  level  was  elevated.  At  20  C,  the  reverse  trend  was 
evident  with  a  significant  delay  in  flowering  at  2000  ppm  for  both  crops. 

Statistical  analysis  indicated  that  flower  diameter  was 
significantly  (P  =  0.05)  affected  by  nutrition  and  the  temperature- 
nutrition  interaction  in  the  fall  crop  only.  From  the  standpoint  of 
nutrition,  an  overall  decrease  in  flower  diameter  was  observed  as  the 
substrate  nutrient  level  was  increased  from  "A"  to  "D"  in  both  the  fall 
and  growth  chamber  crops  (Table  III).  However,  definite  trends  toward 
an  initial  increase  in  flower  diameter  as  the  substrate  nutrient  level 
was  increased  from  "A"  to  "B"  were  evident  in  the  spring  crop. 
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At  15  C  the  peak  flower  diameters  were  reached  at  substrate  nutrient 
levels  "B"  and  "C"  in  the  fall  and  spring  crops,  followed  by  a  sub¬ 
sequent  reduction  in  flower  diameter  as  the  substrate  nutrient  level 
was  elevated  to  "D".  In  the  growth  chamber  experiment,  there  was  a 
consistent  decline  in  flower  diameter  as  the  substrate  nutrient  level 
was  increased  from  "A"  to  "D".  At  20  C,  a  similar  decline  in  flower 
diameter  was  observed  in  the  fall  crop.  In  the  growth  chamber  crop,  a 
decline  was  observed  between  substrate  nutrient  levels  "C"  and  "D". 

At  20  C,  results  tended  to  be  erratic  in  the  spring  crop.  Statistical 
analysis  indicated  no  significant  effect  of  nutrition  or  the  temperature- 
nutrition  interaction  on  the  days  required  for  maturity  for  any  of  the 
crops.  Neither  flower  diameter  nor  days  required  for  maturity  for  any 
of  the  crops  was  significantly  affected  by  the  carbon  dioxide-nutrition 
interaction . 

2 .  Plant  height 

Analysis  of  variance  showed  that  plant  height  in  both 
greenhouse  crops  was  significantly  (P  =  0.01)  affected  by  temperature. 
Plants  grown  at  20  C  were  significantly  taller  than  those  grown  at 
15  C.  Statistical  analysis  showed  no  significant  effect  of  temperature 
on  plant  height  for  the  growth  chamber  experiments. 

The  effect  of  carbon  dioxide  level  on  plant  height  was 
significant  in  both  fall  (P  =  0.01)  and  spring  (P  =  0.05)  crops,  but 
not  significant  in  the  growth  chamber  crops  (Table  IV) .  In  the  fall 
crop,  plant  height  was  increased  significantly  as  the  carbon  dioxide 
level  was  elevated  from  1000  to  2000  ppm  under  both  temperature  regimes. 


Table  IV.  Effect  of  temperature  and  supplementary  carbon  dioxide  on  plant  height  of  pot  mums  grown 
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In  the  growth  chamber  crop,  plant  height  was  increased  significantly 
only  at  15  C.  In  the  spring  crop,  results  were  more  variable,  but  carbon 
dioxide  enrichment  beyond  300  ppm  appeared  to  significantly  reduce  plant 
height.  Plant  height  in  both  crops  was  significantly  (P  =  0.01) 
affected  by  temperature-carbon  dioxide  interaction  as  well.  This  was 
not  so  for  plants  grown  in  the  growth  chamber  (Table  IV)  . 

Analysis  of  variance  showed  that  the  plant  height  of  only 
the  fall  crop  was  significantly  (P  =  0.05)  affected  by  nutrition  and 
the  temperature-nutrition  interaction.  Significantly  taller  plants 
were  produced  at  the  lowest  nutrient  level  than  were  produced  at  any 
other  nutrient  level  in  the  fall  crop  (Table  V) .  Generally,  there  was 
a  trend  toward  decreasing  plant  height  with  increases  in  substrate 
nutrient  level  in  all  crops.  Results  were  more  variable  in  the  growth 
chamber  and  spring  crops,  reflecting  a  slight  increase  in  plant  height 
at  nutrient  level  "C".  With  respect  to  the  effect  of  temperature  and 
substrate  nutrient  level,  at  15  C,  the  most  significant  decrease  in 
plant  height  in  the  fall  crop  occurred  as  the  nutrient  level  was  in¬ 
creased  beyond  "A".  More  compact  plants  were  produced  at  nutrient 
levels  "B",  "C"  and  "D"  than  at  level  "A".  At  20  C,  the  most  compact 
plants  were  produced  at  nutrient  level  "D".  With  respect  to  the  spring 
and  growth  chamber  crops,  the  highest  nutrient  level  produced  the  greatest 
difference  in  plant  height  over  the  control.  At  20  C,  results  were 
more  variable  but  differences  are  not  significant  except  in  the  fall 
crop  wherein  increases  in  substrate  nutrient  levels  resulted  in  shorter 


plants . 


Table  V.  Effect  of  temperature  and  substrate  nutrient  level  on  plant  height  of  pot  mums  grown  under 


31 


co 

P 

O 

•H 

P 

•H 

no 

P 

o 

a 

P 

<U 


cd 

rC 

o 

iP 

P 

b 

o 

p 

to 

■v) 

p 

cd 

<u 

CO 

P 

o 

P 

CU 

d) 

p 

00 


cd 

cd 

cd 

cd 

CN 

i — l 

00 

i — i 

• 

CXd 

o 

1 — 1 

m 

CU 

• 

• 

• 

• 

> 

m 

<!■ 

"d" 

co 

P 

< 

co 

CO 

CO 

co 

cu 

,p 

0 

cd 

cd 

cd 

cd 

cd 

rd 

o 

•d" 

CN 

CN 

o 

u 

co 

Od 

-d" 

-d- 

O 

id 

o 

m 

in 

m 

dO 

p 

CN 

co 

co 

co 

co 

CO 

3 

o 

p 

o 

cd 

cd 

cd 

cd 

co 

CN 

co 

00 

CJ 

00 

r-'- 

CO 

CN 

CN 

• 

• 

• 

• 

• 

m 

<d- 

CN 

CO 

CN 

CO 

i — i 

co 

co 

CO 

co 

CO 

-3C 

cd 

cd 

cd 

cd 

/-*s 

m 

o 

00 

S 

• 

oo 

i — i 

i — i 

oo 

o 

cu 

• 

• 

• 

• 

' — " 

> 

m 

m 

\o 

c 

CO 

co 

CO 

CO 

p 

rC 

bO 

a) 

•H 

<u 

TO 

CU 

Td 

o 

<U 

CU 

X 

bO 

CO 

r-'- 

CO 

d 

a 

i — 1 

Od 

co 

00 

m 

p 

“H 

• 

• 

• 

• 

• 

d 

P 

o 

d£> 

00 

r'' 

cd 

P 

CN 

co 

CO 

CO 

CO 

co 

i — l 

co 

Pi 

iP 

rP 

cu 

rP 

cd 

cd 

cd 

bO 

CO 

00 

dO 

CN 

•d- 

cd 

O 

m 

CN 

Od 

Od 

-d" 

P 

• 

• 

• 

• 

• 

cu 

m 

■d* 

CO 

CO 

1 - 1 

co 

> 

rH 

co 

CO 

CO 

CO 

CO 

< 

•K 

cd 

IP 

rP 

a 

o 

00 

00 

Od 

• 

m 

o 

dO 

Od 

<U 

• 

• 

• 

• 

> 

o 

Od 

oo 

dO 

< 

-d- 

CO 

CO 

CO 

(U 

Td 

■v) 

O 

<u 

a 

rO 

cd 

m 

o 

~d" 

co 

-d- 

i — 1 

O 

r-~ 

CN 

00 

i — 1 

i — 1 

• 

• 

• 

• 

« 

cd 

o 

o 

o 

oo 

dO 

Od 

Pc 

CN 

•d- 

-<r 

CO 

CO 

co 

a 

rP 

o 

X 

no 

cd 

rP 

cd 

m 

m 

CN 

o 

oo 

O 

CN 

Od 

m 

CN 

■d" 

LO 

o 

00 

n- 

00 

T— 1 

'Cf 

CO 

CO 

CO 

CO 

■K 

1 — 1 

<U 

o 

P  P 

p 

cd  d 

p 

P  cu 

d 

P  *H 

i — 1 

o 

CO  p 

cU 

o 

• 

d  P 

> 

'-z 

CU 

d  d 

0) 

> 

c/d  pi 

i — 1 

<3 

c_> 

Q 

<d 

CO 

a 

cd 

u 

a 

o 

o 

o 

p 

00 

p 

•H 

V) 

P 

O 

O 

o 

cd 


m 

o 

• 

o 

II 

PM 


p 

d 

cu 

p 

CU 

M-l 

CP 

•H 

v) 


p 

d 

cd 

o 

•H 

<P 

•H 

d 

bO 

•H 

CO 

(U 

p 

cd 

P 

CU 

p 

p 

<U 


CU 

I 

CO 

<u 

rd 

p 

>d 
r Q 

v) 

CU 

b 

o 

i — I 
1 — I 

o 

cp 

P 

o 

d 


co 

d 

cd 

cu 

S 

■K 


a) 

Xi 

p 

d 

cu 

cu 

S 

p 

<U 

rO 

CO 

(U 

bO 

cd 

P 

cU 

> 

cd 

P 

o 

cp 

>d 

T— I 

d 

o 

co 


o 

o 

1—1 

cd 

d 

x) 

•H 

> 

•rl 

Md 

d 

•H 

d 

•H 

,P 

p 

•H 

£ 

Td 

cu 

p 

cd 

p 

0 

o 

a 

cu 

p 

cd 

CO 

d 

cd 

cu 

S 


p 

CO 

CU 

p 

CU 

bO 

d 

cd 

P 

cu 

i — l 
Pi 
•H 
P 
i — I 

d 

0 


o 

b 

p 


p 

p 

d 

d 


temperature  regimes  (effect  of  nutrient  level)  and  among  all  means  for  each  set  of  temperature 


32 


Plant  height  was  not  significantly  affected  by  the  carbon 
dioxide-nutrition  interaction  in  any  crop. 

Internode  length  was  significantly  affected  by  the  same 
factors  that  affected  plant  height  giving  similar  trends  and  thus 
indicating  that  internodal  cell  enlargement  was  the  responsible  factor 
behind  increases  in  plant  height. 

B .  Fresh  and  Dry  Weight  Assessment  (Spring  Crop) 

The  fresh  and  dry  weights  of  the  aerial  portions  of  the 
plants  were  significantly  (P  =  0.01)  affected  by  carbon  dioxide  levels 
and  the  temperature-carbon  dioxide  interaction  (Table  VI) .  There  was 
a  trend  toward  an  increase  in  the  fresh  and  dry  weight  at  15  C  and  a 
significant  decrease  in  fresh  and  dry  weight  at  20  C  as  the  carbon 
dioxide  level  was  elevated.  When  averaged  across  both  temperatures, 
increases  in  carbon  dioxide  level  beyond  300  ppm  significantly  decreased 
top  fresh  and  dry  weights. 

Carbon  dioxide  level  exhibited  significance  (P  =  0.05) 
in  affecting  the  fresh  weight  of  the  roots,  but  no  significance  in 
affecting  the  root  dry  weight  (Table  VII) .  The  fresh  and  dry  weight  of 
the  roots  were  significantly  (P  =  0.01)  affected  by  the  temperature- 
carbon  dioxide  interaction.  The  effect  of  carbon  dioxide  enrichment  on 
root  weight  seems  rather  erratic  within  the  two  temperature  regimes. 
Nevertheless,  the  combination  treatment  of  2000  ppm  carbon  dioxide  and 
the  lower  temperature  (15  C)  produced  plants  with  the  greatest  average 
fresh  and  dry  weight.  However,  these  values  were  not  statistically 
greater  than  some  of  the  other  treatment  combinations. 


Table  VI.  Effect  of  temperature  and  supplementary  carbon  dioxide  on  the  fresh  and  dry  weight  of  tops 
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The  nutrient  concentrations  exhibited  significance 
(P  =  0.05)  in  affecting  the  fresh  and  dry  weights  of  the  tops  and  roots 
(Table  VIII) .  An  increase  in  the  average  fresh  and  dry  weights  of  the 
tops  and  roots  occurred  as  the  nutrient  level  was  increased  from  "B"  to 
"C".  It  would  appear  that  the  maximum  fresh  and  dry  weights  of  the  tops 
and  roots  were  achieved  at  nutrient  level  "C"  since  these  growth  parameters 
show  a  slight  decline  at  nutrient  level  "D".  Though  neither  the  inter¬ 
actions  of  temperature-nutrition  nor  carbon  dioxide-nutrition  were 
significant  in  affecting  fresh  and  dry  weights,  the  data  for  substrate 
nutrient  level  under  the  various  regimes  of  carbon  dioxide  and  temper¬ 
ature  exhibited  similar  trends  as  did  the  data  shown  for  substrate 
nutrient  level. 

C .  Mineral  Nutrient  Content 

1 .  Nitrogen 

Table  IX  shows  the  effect  of  temperature,  supplementary 
carbon  dioxide,  and  substrate  nutrient  level  on  the  nitrogen  content 
of  indicator  leaves  sampled  thirty  days  after  planting  three  separate 
crops  of  pot  mums.  If  4.5  percent  is  taken  as  the  critical  nitrogen 
level  in  chrysanthemum  leaf  tissue  (6,  7),  all  the  values  for  this 
sampling  are  below  the  critical  level.  However,  it  may  be  noted  that 
the  tissue  nitrogen  levels  for  the  fall  crop  under  carbon  dioxide 
enrichment  at  15  C  did  approach  the  critical  nitrogen  level. 

2 .  Phosphorus 

Table  X  shows  the  effect  of  temperature,  supplementary 


carbon  dioxide  and  substrate  nutrient  level  on  the  average  phosphorus 
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Table  VIII.  Effect  of  substrate  nutrient  level  on  the  fresh  and  dry 
weight  of  the  tops  and  roots  of  pot  mums  grown  in  the 
spring 


Substrate 

nutrient 

level 

Average 

weight 

fresh 

(g) 

Average  dry 
weight  (g) 

mg  dry  weight  per 
g  fresh  weight 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 

A 

*259 . 0a 

30.1a 

33 . 6a 

6.9a 

129.7 

229.2 

B 

279.6a 

33 . 4ab 

35.6a 

7.2a 

127.3 

215.5 

C 

304.2b 

45 . 6c 

39.3a 

10.3b 

129.1 

225.8 

D 

293. 5ab 

43.3bc 

37.1a 

9.6b 

126.4 

221.7 

*Means  not  followed  by  the  same  letter  are  significantly  different 
(P  =  0.05)  according  to  Duncan's  multiple  range  test.  Means  com¬ 


pared  within  columns. 


37 


Table  IX.  Effect  of  temperature,  supplementary  carbon  dioxide,  and 
substrate  nutrient  level  on  the  total  nitrogen  content 


of  indicator  leaves  of  pot  mums 


Carbon 

dioxide 

Temperature 

(C) 

Substrate 

nutrient 

Nitrogen 

as  %  of  dry 

weight 

level 

(ppm) 

level 

Growth 

chamber 

crop 

Fall 

crop 

Spring 

crop 

300 

15 

A  (control) 

1.79 

3.79 

3.64 

B 

2.19 

3.87 

3.37 

C 

2.56 

3.88 

3 . 46 

D 

2.92 

3.81 

3.62 

20 

A  (control) 

2.62 

3.98 

3.15 

B 

2.91 

3.97 

3.28 

C 

3.12 

3.88 

3.40 

D 

3.22 

3.65 

3.28 

1000 

15 

A  (control) 

3.25 

4.23 

3.54 

B 

4.00 

4.04 

3.82 

C 

3.48 

4.04 

3.68 

D 

2.78 

4.24 

3.73 

20 

A  (control) 

1.74 

3.73 

3.46 

B 

2.34 

3.88 

3.51 

C 

2.04 

3.88 

3.69 

D 

1.89 

4.04 

3.75 

2000 

15 

A  (control) 

3.45 

4.23 

3.49 

B 

2.77 

4.13 

3.53 

C 

2.87 

4.33 

3.68 

D 

3.13 

4.23 

3.71 

20 

A  (control) 

- 

3.74 

2.89 

B 

- 

3.98 

3.12 

C 

- 

3.93 

3.12 

D 

- 

3.99 

3.24 
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Table  X.  Effect  of  temperature,  supplementary  carbon  dioxide,  and 
substrate  nutrient  level  on  the  phosphorus  content  of 


indicator  leaves  of  pot  mums 


Carbon 

dioxide 

Temperature 

(C) 

Substrate 

nutrient 

Phosphorus 

as  %  of 

dry  weight 

level 

(ppm) 

level 

Growth 

chamber 

crop 

Fall 

crop 

Spring 

crop 

300 

15 

A  (control) 

0.41 

0.33 

0.19 

B 

0.33 

0.20 

0.39 

C 

0.41 

0.34 

0.23 

D 

0.30 

0.41 

0.32 

20 

A  (control) 

0.22 

0.40 

0.19 

B 

0.42 

0.48 

0.42 

C 

0.70 

0.30 

0.25 

D 

0.81 

0.38 

0.30 

1000 

15 

A  (control) 

0.55 

0.31 

0.19 

B 

0.50 

0.30 

0.18 

C 

0.33 

0.34 

0.21 

D 

0.38 

0.38 

0.24 

20 

A  (control) 

0.72 

0.33 

0.15 

B 

0.34 

0.35 

0.63 

C 

0.36 

0.38 

0.29 

D 

0.41 

0.49 

0.26 

2000 

15 

A  (control) 

0.35 

0.28 

0.18 

B 

0.38 

0.28 

0.50 

C 

0.36 

0.32 

0.27 

D 

0.24 

0.38 

0.24 

20 

A  (control) 

- 

0.28 

0.17 

B 

- 

0.39 

0.33 

C 

- 

0.42 

0.43 

D 

— 

0.34 

0.38 
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content  of  the  indicator  leaves  sampled  thirty  days  after  planting 
three  separate  crops  of  pot  mums.  With  reference  to  the  critical  value 
and  optimal  range  for  phosphorus  in  chrysanthemum  leaf  tissue  (0.20 
percent  and  0.26  -1.1  percent  (6,  7),  respectively),  all  levels  of 
phosphorus  reached  in  this  sampling  of  leaf  tissue  from  the  growth 
chamber  crop  can  be  considered  optimal  or  above  critical.  The  tissue 
phosphorus  levels  from  this  sampling  at  the  lowest  substrate  nutrient 
level  (control)  at  all  temperature-carbon  dioxide  combinations  were 
below  the  critical  level  for  the  spring  crop.  With  reference  to  the 
fall  crop  all  tissue  phosphorus  levels  were  optimal  except  for  one  which 
still  meets  the  critical  level.  No  consistent  pattern  is  apparent  with 
respect  to  treatment  in  the  fall  crop  except  an  apparent  decrease  in 
phosphorus  levels  with  increase  in  carbon  dioxide. 

3 .  Potassium 

In  Table  XI  are  found  data  pertaining  to  the  effect  of 
temperature,  supplementary  carbon  dioxide  and  substrate  nutrient  level 
on  the  average  potassium  content  of  indicator  leaves  sampled  thirty 
days  after  planting  three  separate  pot  mum  crops.  In  this  sampling  for 
all  crops,  the  tissue  potassium  levels  reached  lie  in  the  optimal  range 
(3.5  -  10  percent)  (6,  7)  for  all  treatments  except  one  (300  ppm  carbon 
dioxide,  15  C  and  control  nutrient  level  from  the  growth  chamber  crop). 

4 .  Calcium 

Table  XII  contains  data  on  the  effect  of  temperature, 
supplementary  carbon  dioxide,  and  substrate  nutrient  level  on  the  aver¬ 
age  calcium  content  of  indicator  leaves  sampled  thirty  days  after 
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Table  XI. 

Effect  of 

temperature, 

supplementary 

carbon 

dioxide,  and 

substrate 

nutrient  level  on  the  potassium  content  of 

indicator 

leaves  of  pot 

mums 

Carbon 

dioxide 

Temperature 

(c) 

Substrate 

nutrient 

Potassium 

as  %  of  dry  weight 

level 

(ppm) 

level 

Growth 

chamber 

crop 

Fall 

crop 

Spring 

crop 

300 

15 

A  (control) 

2.44 

5.74 

6.33 

B 

4.36 

6.50 

6.95 

C 

5.16 

6.39 

7.82 

D 

5.77 

4.72 

8.31 

20 

A  (control) 

6.43 

5.35 

5.02 

B 

6.30 

6.57 

6.32 

C 

8.55 

6.39 

7.86 

D 

7.92 

5.59 

8.13 

1000 

15 

A  (control) 

4.97 

5.60 

6.28 

B 

5.85 

6.71 

7.14 

C 

5.74 

5.99 

7.92 

D 

6.00 

5.64 

8.89 

20 

A  (control) 

4.00 

5.88 

4.91 

B 

4.72 

6.10 

7.22 

C 

4.78 

5.53 

7.61 

D 

4.74 

5.73 

8.36 

2000 

15 

A  (control) 

4  .12 

5.37 

5.59 

B 

5.81 

6.83 

7.43 

C 

6.95 

6.75 

8.04 

D 

6.46 

6.96 

8.17 

20 

A  (control) 

- 

5.31 

5.17 

B 

- 

6.57 

6.68 

C 

r— 

6.38 

7.38 

D 

— 

5.63 

7.65 
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Table  XII.  Effect  of  temperature,  supplementary  carbon  dioxide,  and 
substrate  nutrient  level  on  the  calcium  content  of 
indicator  leaves  of  pot  mums 


Carbon 

dioxide 

level 

Temperature 

(c) 

Substrate 

nutrient 

level 

Calcium 

as  %  of 

dry  weight 

Growth 

chamber 

crop 

Fall 

crop 

Spring 

crop 

300 

15 

A  (control) 

1.79 

1.03 

0.64 

B 

1.68 

0.85 

1.58 

C 

1.44 

0.63 

1.15 

D 

1.64 

0.81 

1.39 

20 

A  (control) 

1.32 

1.01 

0.77 

B 

1.49 

0.86 

1.72 

C 

1.59 

1.00 

1.02 

D 

0.89 

0.81 

0.97 

1000 

15 

A  (control) 

1.98 

0.91 

0.71 

B 

1.63 

0.85 

0.67 

C 

1.83 

0.76 

0.76 

D 

1.89 

0.89 

0.83 

20 

A  (control) 

1.76 

0.72 

0.60 

B 

1.70 

0.78 

1.38 

C 

1.75 

0.78 

0.93 

D 

1.60 

0.72 

0.64 

2000 

15 

A  (control) 

1.35 

0.91 

0.69 

B 

1.70 

0.61 

1.54 

C 

1.36 

0.59 

0.88 

D 

1.53 

0.72 

0.90 

20 

A  (control) 

- 

1.02 

0.49 

B 

- 

0.59 

1.07 

C 

- 

0.72 

1.08 

D 

— 

0.97 

1.02 

' 
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planting  three  separate  crops  of  pot  mums.  The  critical  level  for 
calcium  in  chrysanthemum  leaf  tissue  is  0.5  percent  while  the  range 
0.5  -  4.0  percent  was  considered  optimal  (6,  7).  In  this  sampling  from 
the  growth  chamber  and  fall  crops,  the  leaf  tissue  calcium  levels  all 
lie  within  the  optimal  range.  All  tissue  calcium  levels  were  optimal 
in  the  spring  crop,  except  for  that  produced  at  2000  ppm  carbon 
dioxide,  20  C  and  substrate  nutrient  level  "A"  (control) . 

5 .  Magnesium 

In  Table  XIII  are  found  data  pertaining  to  the  effect  of 
temperature,  supplementary  carbon  dioxide  and  substrate  nutrient  level 
on  the  average  magnesium  content  of  indicator  leaves  sampled  thirty 
days  after  planting  three  separate  crops  of  pot  mums.  With  reference 
to  the  critical  value  and  optimal  range  of  0.14  percent  and  0.15  -  1.5 
percent  magnesium  respectively  (6,  7),  the  tissue  magnesium  levels 
from  this  leaf  sampling  of  the  growth  chamber  and  fall  crop  at  all 
temperature-carbon  dioxide-nutrition  combinations  were  considered 
optimal.  For  the  spring  crop,  all  tissue  magnesium  levels  were  con¬ 
sidered  optimal  except  for  those  at  substrate  nutrient  level  "A"  at 
all  temperature-carbon  dioxide  combinations  and  at  nutrient  levels 
"B"  and  "C"  at  15  C  and  1000  ppm  carbon  dioxide. 
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Table  XIII.  Effect  of  temperature,  supplementary  carbon  dioxide  and 
substrate  nutrient  level  on  the  magnesium  content  of 
indicator  leaves  of  pot  mums 


Carbon 

dioxide 

level 

(ppm) 

Temperature 

(C) 

Substrate 

nutrient 

level 

Magnesium  as  %  of  dry  weight 

Growth 

chamber 

crop 

Fall 

crop 

Spring 

crop 

300 

15 

A  (control) 

0.51 

0.29 

0.11 

B 

0.45 

0.25 

0.41 

C 

0.57 

0.24 

0.36 

D 

0.54 

0.22 

0.36 

20 

A  (control) 

0.52 

0.23 

0.12 

B 

0.59 

0.22 

0.51 

C 

0.59 

0.30 

0.31 

D 

0.62 

0.24 

0.34 

1000 

15 

A  (control) 

0.63 

0.32 

0.09 

B 

0.57 

0.26 

0.09 

C 

0.51 

0.27 

0.08 

D 

0.47 

0.24 

0.15 

20 

A  (control) 

0.32 

0.20 

0.83 

B 

0.50 

0.17 

0.46 

C 

0.53 

0.32 

0.32 

D 

0.52 

0.26 

0.24 

2000 

15 

A  (control) 

0.23 

0.34 

0.09 

B 

0.50 

0.25 

0.40 

C 

0.38 

0.24 

0.19 

D 

0.39 

0.26 

0.25 

20 

A  (control) 

- 

0.24 

0.04 

B 

- 

0.24 

0.28 

C 

- 

0.24 

0.32 

D 

— 

0.25 

0.26 

■ 

t 
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IV.  DISCUSSION 

The  prime  objectives  in  the  commercial  production  of 
pot  mums  are  to  produce  dwarf,  compact  plants  with  large,  colorful 
flowers  in  a  minimum  period  of  time. 

Statistical  analysis  pointed  out  that  by  far  the  most 
significant  relationship  affecting  the  growth  and  development  of  pot 
mums  is  the  temperature-carbon  dioxide  interaction.  Wittwer  and  Robb 
(37)  emphasized  the  importance  of  this  relationship  when  they  stated 
that  the  temperature  and  carbon  dioxide  concentration  within  an 
enclosed  greenhouse  atmosphere  tend  to  govern  the  photosynthetic  rate. 

Carbon  dioxide  enrichment  at  15  C  significantly  hastened 
maturity  in  both  the  fall  and  spring  crops  (Table  II) ,  but  significantly 
increased  flower  size  only  in  the  fall  crop  (Table  I) .  The  effect  of 
hastened  maturity  in  this  experiment  with  additional  carbon  dioxide  at 
15  C  agrees  with  the  findings  of  earlier  workers  (12,  16,  17)  in  their 
experiments  with  carbon  dioxide  enrichment  of  horticultural  crops. 

An  increase  in  flower  size  such  as  that  occurring  in  the  fall  crop  may 
be  due  to  an  increased  number  of  "petals"  produced  under  carbon  dioxide 
enrichment  (12)  .  Increases  in  flower  size  with  increases  in  carbon 
dioxide  agree  with  the  results  of  Gardner  (12,  14)  and  Lindstrom  (26) 
on  mums  and  Goldsberry  (17)  on  poinsettias.  However,  carbon  dioxide 
enrichment  was  not  always  associated  with  an  increase  in  flower  size. 
Probably  differences  in  light  conditions  for  the  three  crops  could 
account  for  this  discrepancy. 

Supplementary  carbon  dioxide  at  15  C  tended  to  increase 
top  fresh  and  dry  weights  in  the  spring  crop  (Table  VI) .  This  is 
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in  agreement  with  the  findings  of  Goldsberry  (16),  wherein  increased 
fresh  and  dry  weights  of  carnation  plants  were  noted  with  supplementary 
carbon  dioxide;  Lindstrom  (26),  wherein  dry  weight  per  centimeter  of 
stem  in  mum  plants  increased  with  each  increment  of  carbon  dioxide;  and 
Wittwer  and  Robb  (37),  wherein  weights  of  lettuce  heads  and  tomato 
fruit  increased  as  supplementary  carbon  dioxide  was  added  to  the  green¬ 
house  atmosphere.  Quality  in  pot  mums  for  this  experiment  was  measured 
arbitrarily  as  milligrams  dry  weight  per  gram  fresh  weight.  The  data 
indicate  (Table  VI)  that  a  carbon  dioxide  level  of  1000  ppm  at  both 
temperatures  (but  especially  so  at  15  C)  markedly  reduced  plant  top 
quality  compared  to  either  of  the  other  carbon  dioxide  levels. 

At  20  C,  there  was  a  consistent  decline  in  top  fresh  and  dry  weights 
exhibited  as  the  carbon  dioxide  level  was  elevated.  Similarly, 
decreases  in  flower  diameter  in  all  crops  (Table  I)  and  delay  in 
flowering  in  the  fall  crop  (Table  II) ,  were  noted  with  each  elevation 
in  carbon  dioxide  level  at  20  C.  Moreover,  a  sharp  decline  in  quality 
of  plant  tops  was  evident  at  least  to  1000  ppm  carbon  dioxide  at 
this  temperature.  These  findings  agree  with  those  of  Gardner  (12) 
and  Mastalerz  (27)  that  carbon  dioxide  enrichment  does  not  necessarily 
compensate  for  losses  in  quality  incurred  by  high  temperature.  It 
has  been  deemed  unwise  to  use  too  high  a  temperature  for  a  crop  even 
with  carbon  dioxide  enrichment  (27). 

According  to  data  in  Table  VII,  the  highest  quality  roots 
were  produced  at  1000  ppm  at  both  temperatures  with  lesser  quality 
roots  being  produced  at  2000  and  300  ppm  carbon  dioxide.  Mattson 
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and  Widmer  (29)  noted  less  root  development  in  roses  under  2000  ppm 
carbon  dioxide  enrichment  than  under  either  300  or  1000  ppm  atmos¬ 
pheres.  They  suggested  that  this  depression  in  root  growth  was  the 
result  of  an  overstimulation  in  top  growth  with  supplementary  carbon 
dioxide.  In  this  experiment  with  pot  mums,  especially  under  carbon 
dioxide  enrichment,  high  quality  roots  were  produced  at  the  expense 
of  tops  (Tables  VI  and  VII) .  The  best  quality  tops  were  produced  at 
2000  ppm  at  both  temperatures  (Table  VI) .  The  greatest  average  fresh 
and  dry  root  x^eights  (Table  VII)  and  compact  pot  mums  (Table  IV)  were 
produced  at  a  treatment  combination  of  2000  ppm  and  15  C  under 
spring  conditions.  This  may  indicate  that  the  temperature-carbon 
dioxide  relationship  of  15  C  and  2000  ppm  assumed  prime  importance 
in  affecting  plant  height  (Table  IV) ,  days  to  full  bloom  (Table  II) , 
and  plant  quality  (Table  VI)  in  the  spring  crop.  The  increased 
importance  played  by  the  temperature-carbon  dioxide  interaction  at 
this  season  of  the  year  may  be  due  to  the  high  outside  day  temper¬ 
atures,  increasing  light  intensities,  and  increasing  carbon  dioxide 
requirements  of  the  plants  at  this  time.  Carbon  dioxide  supplementa¬ 
tion  to  2000  ppm  at  15  C  within  enclosed  greenhouse  atmospheres  may 
thus  be  most  beneficial  during  spring  x^eather  conditions  in  the  pro¬ 
duction  of  pot  mums  in  the  Edmonton  area.  A  significant  increase  in 
height  occurred  as  the  carbon  dioxide  level  was  elevated  from  1000 
to  2000  ppm  in  the  fall  crop  under  both  temperature  regimes  and  in 
the  growth  chamber  crop  at  15  C  (Table  IV) .  This  finding  is  in 
agreement  x^ith  that  of  Lindstrom  (25,  26)  wherein  more  long-stemmed 


47 


roses  and  taller  mums  were  produced  under  carbon  dioxide  enrichment 
than  under  conventional  atmospheres.  In  his  experiments,  taller 
plants  had  been  deemed  a  quality  feature  in  both  bench  mums  and 
roses.  However,  in  the  case  of  pot  mums,  tall  plants  were  deemed 
undesirable  in  view  of  the  compact  plant  requirement.  Of  course,  if 
a  grower  has  reason  to  believe  that  his  crop  may  mature  too  late  for 
a  named  holiday  occasion  with  normal  atmospheres  or  those  supple¬ 
mented  to  1000  ppm  carbon  dioxide,  he  may  elevate  the  level  to  2000 
ppm  in  order  to  market  his  plants,  thereby  sacrificing  compact  plants 
to  have  taller  plants  available  in  time  to  meet  the  demands  of  the 
holiday  occasion. 

With  regard  to  the  gross  physical  measurements  1000  ppm 
carbon  dioxide  at  15  C  appeared  to  be  optimum  in  producing  a  compact 
pot  mum  with  a  satisfactory  flower  size  in  a  favorably  short  period 
of  time,  particularly  under  fall  conditions.  However,  if  plant 
quality  is  considered  (with  reference  to  the  spring  crop) ,  the  aerial 
portions  with  the  best  quality  are  produced  at  2000  ppm  carbon  dioxide 
and  15  C.  Therefore  carbon  dioxide  enrichment  at  15  C  produced 
"optimum"  pot  mums. 

At  15  C,  there  was  generally  more  nitrogen  in  the  indica¬ 
tor  leaves  with  increases  in  carbon  dioxide  levels  for  all  crops 
(Table  IX).  Under  the  same  conditions,  phosphorus  content  of  indicator 
leaves  increased  only  in  the  growth  chamber  crop  (Table  X) ;  potassium 
content  increased  in  the  spring  and  growth  chamber  crops  (Table  XI) ; 
the  calcium  content  increased  in  the  growth  chamber  crop  (Table  XII) , 
and  magnesium  content  increased  in  the  fall  crop  (Table  XIII) . 


48 


In  most  samplings  where  increasing  amounts  of  these  elements  were 
noted,  the  levels  of  the  elements  were  highest  at  1000  ppm  carbon 
dioxide.  The  constant  high  light  intensity  of  the  growth  chamber 
and  the  increasing  light  intensity  of  spring  weather  conditions  may 
account  for  the  greater  role  played  by  carbon  dioxide  enrichment  Cat 
15  C)  in  increasing  the  phosphorus  and  potassium  contents  of  indicator 
leaf  tissue  in  crops  grown  under  these  circumstances.  Kabu  (20)  suggested 
the  possibility  of  increased  magnesium  uptake  in  tomato  plants  under 
low  light  conditions.  This  factor  of  low  light  intensity  may  play  a 
part  in  building  the  magnesium  content  of  indicator  tissue  as  the 
carbon  dioxide  level  is  elevated  (at  15  C)  in  the  fall  crop  where  light 
intensity  is  decreasing  as  the  season  progresses.  It  would  appear, 
therefore,  that  carbon  dioxide  enrichment  at  least  to  1000  ppm  either 
enhances  total  nitrogen,  phosphorus,  potassium,  and  magnesium  uptake 
or  encourages  accumulations  of  these  elements  or  compounds  of  these 
elements  in  the  maturing  leaves  of  the  respective  crops. 

When  the  temperature  was  increased  to  20  C,  however, 
results  varied  from  one  crop  to  another.  The  trend  to  increasing  amounts 
of  indicator  tissue  "element"  with  elevations  in  the  carbon  dioxide  level 
at  20  C  was  evident  only  for  nitrogen  and  potassium  (spring  crop) , 
magnesium  (fall  crop) ,  and  calcium  (growth  chamber  crop) .  Aside  from 
the  exceptions  noted  above,  there  was  a  trend  toward  decreasing  amounts 
of  leaf  tissue  "element"  with  increase  in  temperature  and  carbon 
dioxide  for  most  treatments  in  all  three  crops.  This  might  be  ex¬ 
plained  on  the  basis  of  faster  growth  rates  at  higher  levels  of 
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temperature  and  carbon  dioxide,  as  supported  by  the  gross  physical 
measurements  reported  earlier  (Tables  I,  II  and  IV). 

Calcium  levels  were  depressed  in  most  crop  samplings  with 
carbon  dioxide  enrichment  (Table  XII) .  This  calcium  reduction  within 
plant  tissue  is  in  agreement  with  the  findings  of  Daunicht  (8)  wherein 
severe  depression  of  calcium  to  deficiency  levels  was  noted  in  cucumber 
plants  grown  under  carbon  dioxide  enrichment  to  2000  and  3000  ppm. 
Goldsberry  (17)  in  his  experiment  with  poinsettias  indicated  a  possible 
general  nutrient  element  deficiency  in  plants  grown  under  carbon  dio- 
ide  enrichment.  Thus,  it  would  appear  that  nutrient  requirements  of 
plants  supplemented  with  carbon  dioxide  increase  due  to  accelerated 
growth  rates  and  more  rapid  depletion  of  stores  of  these  nutrient 
elements.  More  specifically,  it  would  seem  that  plants  require  addi¬ 
tional  calcium  in  the  substrate  or  as  top  dressing  as  carbon  dioxide 
is  added  to  the  greenhouse  atmosphere.  More  calcium  is  required  for 
increased  calcium  pectate  production  to  be  used  as  a  cementing  sub¬ 
stance  in  plant  tissue  as  more  and  more  of  the  carbon  dioxide  is 
assimilated  into  cell  walls  of  plant  tissue. 

Even  though  carbon  dioxide  enrichment  tended  to  accentu¬ 
ate  nitrogen  accumulation  in  indicator  leaf  tissue,  especially  at 
15  C,  all  tissue  nitrogen  levels  were  subcritical  (Table  IX).  Thus, 
supplementary  substrate  nitrogen  is  required  to  accumulate  adequate 
amounts  in  leaf  tissue  and  to  facilitate  proper  plant  growth  at  all 

temperature-carbon  dioxide-nutrition  combinations.  In  the  spring  crop, 
the  substrate  nutrient  level  "A”  (control)  appeared  too  low  to  accumur 
late  sufficient  phosphorus  and  magnesium  in  indicator  leaf  tissue  at 
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all  temperature^carbon  dioxide  combinations  CTables  X  and  XIII) ,  This 
would  indicate  a  need  for  the  use  of  substrate  nutrient  levels  above 
the  control,  under  these  conditions;  but,  more  specifically,  higher 
amounts  of  these  elements  could  be  used  in  a  substrate  nutrient  level 
without  increasing  amounts  of  the  other  elements.  Potassium  levels 
in  indicator  tissue  appeared  optimal  for  all  treatment  combinations 
under  carbon  dioxide  enrichment,  suggesting  that  there  is  no  necessity 
for  increased  levels  of  this  element  in  the  substrate  under  these 
conditions  (Table  XI).  In  some  instances,  there  was  suppression  of 
indicator  tissue  magnesium  content  at  high  substrate  nutrient  levels. 
Kabu  (20)  suggested  that  high  substrate  potassium  can  be  operative 
in  suppressing  uptake  of  magnesium  by  indicator  tissue.  He  also 
suggested  that  the  potassiuim-magnesium  antagonism  is  greatest  when 
substrate  magnesium  is  low.  Perhaps  the  rather  high  substrate  mag^ 
nesium  (particularly  at  the  high  substrate  nutrient  levels)  of  this 
experimental  work  is  operative  in  lessening  the  impact  of  the  antagon'- 
ism  somewhat .  Perhaps,  substrate  potassium  levels  could  be  much  reduced, 
particularly  at  the  stronger  substrate  levels,  without  tissue  potassium 
dropping  below  critical  levels.  This  might  contribute  to  greater 
uptake  of  magnesium  by  indicator  tissue. 

For  each  nutrient  element  under  consideration,  there 
appeared  to  be  a  noticeable,  but  not  always  consistent  trend,  toward 
decline  in  tissue  "element"  content  as  the  substrate  nutrient  level 
was  elevated  from  "C"  to  "D",  particularly  under  carbon  dioxide 
enrichment.  This  must  be  due  to  reduced  abilities  of  roots  to  absorb 
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nutrients.  It  is  not  felt  that  the  reduction  in  root  growth  (Table 
VIII)  nor  the  increase  in  top  growth  could,  in  itself,  account  for 
this  difference. 

Statistical  analysis  pointed  out  a  significant,  but  less 
important  effect  of  a  temperature-nutrition  interaction.  At  15  C, 
it  appeared  that  adequately  large  flower  diameters  (Table  III) ,  slight 
reductions  in  plant  height  (Table  V) ,  and  high  amounts  of  good  quality 
growth  in  terms  of  fresh  and  dry  weights  of  both  tops  and  roots  (Table 
VIII)  were  produced  at  substrate  nutrient  level  "C".  In  many  instances 
favorable  or  peak  nutrient  element  accumulations  in  indicator  leaf 
tissue  were  reached  at  this  substrate  nutrient  level.  Thus,  substrate 
nutrient  level  "C"  with  carbon  dioxide  enrichment  to  1000  or  2000  ppm 
at  15  C  appears  optimum  for  pot  mum  production.  However,  as  previously 
stated,  high  substrate  nutrient  levels  such  as  "C"  could  be  modified 
for  increased  effectiveness  by  increasing  concentrations  of  nitrogen, 
phsophorus,  calcium,  and  magnesium  and  decreasing  the  potassium  con¬ 
centration  to  encourage  adequate  accumulations  of  these  elements  in 
indicator  leaf  tissue  under  carbon  dioxide  enrichment. 

Since  the  mineral  nutrient  content  data  from  the  matured 
leaves  sampled  at  the  date  of  full  bloom  illustrated  luxury  levels  of 
most  of  the  elements  (except  calcium  and  nitrogen);  and  since  tissue 
levels  increased  with  increases  in  substrate  levels,  it  is  not 
reported  here.  The  low  levels  at  maturity  for  calcium  indicate  its 
immobility  in  the  plant.  Nitrogen  is  a  mobile  element,  but  more  of 
it  is  required  to  enhance  total  growth  and  accumulate  favorable  levels 
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(4.5  -  6  percent  dry  weight  (6 ,  7)  in  tissue  under  carbon  dioxide 
enrichment.  It  is  thought  that  the  trends  represented  by  the  data 
presented  for  the  actively  maturing  leaves  of  the  early  sampling  were 
the  most  reliable. 

Speculation  with  regard  to  future  work  includes  several 
possibilities.  In  most  cases,  the  regime  of  20  C  (night);  26  -  29  C 
(day)  appeared  too  high  for  the  optimal  growth  of  pot  mums  even  under 
carbon  dioxide  enrichment.  It  has  been  deemed  unwise  to  use  too  high 
a  temperature  regime  for  the  culture  of  a  crop  even  under  carbon 
dioxide  enrichment  (27).  There  might  be  a  temperature  regime  inter*- 
mediate  between  the  two  regimes  used  in  these  experiments  which  would 
operate  to  enhance  growth  under  carbon  dioxide  enrichment.  However, 
it  might  be  best  to  leave  the  night  temperature  at  15  C,  and  raise 
day  temperatures  by  5  C  (10  F)  depending  on  weather  conditions  (1, 

28)  . 

Various  varieties  and  types  of  plants  should  be  cultured 
under  different  regimes  of  temperature,  carbon  dioxide,  and  nutrition, 
and  their  individual  growth  responses  catalogued  (28) .  Contrary  to 
the  thought  that  more  fertilizers  may  be  necessary  under  carbon  dioxide 
enrichment  if  the  supply  of  elements  is  marginal  under  those  conditions 
(24,  32),  Mattson  and  Widmer  (28)  found  that  roses  did  not  require 
additional  soil  fertilizers  when  grown  under  carbon  dioxide  enrich¬ 
ment.  Perhaps,  more  work  should  be  performed  on  the  particular  carbon 
dioxide  and  temperature  regime  at  which  nutrients  become  marginal  or 
critical.  Critical  levels  of  the  elements  should  be  reassessed  under 
various  conditions  of  carbon  dioxide  enrichment  and  temperature. 
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Research  work  should  be  performed  using  various  potting  media  to 
establish  the  effect  of  the  environment  imposed  by  it  on  plant  growth 
and  levels  of  nutrient  elements  in  tissue  cultured  under  various  com^ 
binations  of  carbon  dioxide  concentration,  temperature,  and  mineral 
nutrient  levels.  The  pH  of  a  medium  might  restrict  uptake  of  a  plant 
nutrient  element  by  rendering  it  unavailable  to  the  plant  even  though 
levels  of  that  particular  element  have  been  increased  in  the  substrate. 
In  the  culture  of  pot  mums,  under  carbon  dioxide  enrichment,  spacing 
of  plants  should  be  altered  at  some  point  in  the  growth  period  to 
allow  for  more  air  exchange  between  plants  and,  hence,  more  direct 
utilization  of  available  light  and  supplementary  carbon  dioxide  for 
plant  growth.  The  addition  of  light  on  a  controlled  environment 
basis  with  supplementary  carbon  dioxide,  temperature,  and  established 
substrate  nutrient  levels  within  large  growth  chambers  might  provide 
useful  information  which  could  be  applied  to  greenhouse  conditions. 

In  all  experiments  to  be  performed,  more  accurate  devices  to  record 
ambient  temperatures  and  carbon  dioxide  levels  with  proper  replica¬ 


tion  of  treatment  combinations  are  essential. 
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VI  APPENDICES 


Appendix  I. 

Concentrations  of  five  major  elements 

in  four 

treatment 

solutions 

and  in 

a  standard  Hoagland- 

Arnon  solution. 

Elements 

Treatment  solutions 
(ug/ml) 

Standard 

solution 

ug/ml 

A 

(control) 

B 

C 

D 

N 

210 

315 

420 

525 

210 

P 

62 

93 

124 

155 

31 

K 

273 

410 

546 

683 

234 

Ca 

200 

300 

400 

500 

200 

Mg 

48 

72 

96 

120 

48 
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Appendix  II.  Forms  of  analysis  for  greenhouse  experiments  (gross 
physical  measurements) 


Source  DF 
Temperature  1 
Carbon  dioxide  2 
Nutrition  3 
Temperature  x  carbon  dioxide  2 
Temperature  x  nutrition  3 
Carbon  dioxide  x  nutrition  6 
Temperature  x  carbon  dioxide  x  nutrition  6 
Error  840 
Total  863 

(fresh  and  dry  weight) 
Source  DF 
Temperature  1 
Carbon  dioxide  2 
Nutrition  3 
Temperature  x  carbon  dioxide  2 
Temperature  x  nutrition  3 
Carbon  dioxide  x  nutrition  6 
Temperature  x  carbon  dioxide  x  nutrition  6 
Error  120 


Total 


143 
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Form  of  analysis  for  growth  chamber  experiments  (gross  physical  measure¬ 


ments) 

Source  DF 
Temperature  1 
Carbon  dioxide  2 
Nutrition  3 
Temperature  x  carbon  dioxide  2 
Temperature  x  nutrition  6 
Temperature  x  carbon  dioxide  x  nutrition  6 
Error  336 
Total  359 


